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ABSTRACT 
 
Anthropogenic landscape and climatic disturbances translate into in-stream stresses that can be 
described by changes in the chemical composition of river water or sediment, in-stream or 
riparian habitat, hydrologic and hydraulic characteristics, and food (energy) sources. The purpose 
of this research was to develop a regional, layered, hierarchical model system linking 
anthropogenic stresses with biotic integrity measures based on probabilistic risk propagation. 
Research focused on describing and quantifying effects of selected in-stream stresses on 
macroinvertebrate communities using an intermediate layer of risks associated with water 
quality, sediment quality, and habitat. 
 
A relational database, STARED, developed in the earlier phase of the research to facilitate 
analyses of relationships between physical, chemical, and habitat parameters of a water body and 
its biological integrity, was enhanced with built-in queries identifying selected monitoring 
stations with data from different categories (e.g., water chemistry or habitat), as well as 
extracting the necessary data to calculate biological indexes. An automated procedure was 
developed to match stations to characterize stream reaches using Geographical Information 
Systems (GIS). 
 
Available habitat data, as well as water and sediment concentrations for selected constituents 
(copper, lead, and zinc), represent measurable responses of anthropogenic disturbances and 
stresses on watersheds and streams. Ecological risks to aquatic biota associated with these 
responses were quantified for individual stressors using a probabilistic approach, calculating a 
joint probability of environmental conditions and exposure effects associated with these 
conditions. Effects of environmental variables on biotic indexes were then quantified using 
multiple regression analysis with backward selection.  
 
Two biotic indexes using information on macroinvertebrate communities were used: the 
Macroinvertebrate Biotic Index (MBI) representing tolerance indexes and the Invertebrate 
Community Index (ICI) representing multi-metric indexes. Both direct effect through 
environmental variables and indirect effect through risk variables were investigated. In northern 
Illinois, the direct effect of environmental variables resulted in more significant multiple 
regression equations, explaining higher percentages of variability in data than when using risk 
variables. In all cases, less than 55% of the variability in biotic indexes or metrics was explained, 
but all relationships were statistically significant.  
 
The individual regression equations investigating direct effects had three common variables: 
concentration of copper in sediment, stream width, and percent substrate as medium gravel. 
Sediment toxicity dominated by the risk associated with copper concentration also appeared in 
the two regression equations investigating indirect effect on biotic indexes and in seven out of 10 
regression equations investigating indirect effect on ICI metrics. Risk to filter-feeding 
macroinvertebrates due to percent substrate as clay was also common to both regression 
equations investigating indirect effect on biotic indexes. Risk to scrapers due to aquatic 
vegetation was found important in three ICI metrics despite its very low variability. The highest 
correlations among the ICI metrics were achieved for those involving mayflies and caddisflies. 
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The scope of this study included only variables identified as significant in previous study, 
whether related to habitat, flow regime, or chemical composition of water or sediment. Inclusion 
of additional habitat characteristics, such as percentages of canopy cover, brush debris jams, 
terrestrial vegetation, and rock ledge, is recommended to further increase the explanatory power 
of multiple regression equations as these characteristics appear significant in northern Illinois. 
Original variables were selected based on data from Wisconsin. 
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Introduction 
 
This report is part of a large national research project, “Ecological Response of Streams to 
Anthropogenic Watershed Stresses and Stream Modifications,” which entails the study of 
streams in various ecological regions throughout the United States. The overall goal is to 
investigate and quantify the influence of environmental and anthropogenic factors on aquatic 
biota. This report focuses on application of risk-based evaluation to the northern Illinois region.  
 
Data collected for northern Illinois were used to evaluate the integrity of water bodies and assess 
relative influence of individual factors on aquatic health, namely macroinvertebrate 
communities. Biological, water quality, sediment quality, and habitat data collected in the earlier 
phase (Bartosova et al., 2005) provided insight on three of the five major influencing factors 
documented by Karr et al. (1986), which are energy sources, chemical parameters, habitat 
parameters, flow regimes, and biotic interactions (Figure 1). Altering any of these factors has an 
impact on the whole ecosystem and the biota as its integral component.  
 
 
Figure 1. Factors that influence aquatic health in a water body (after Karr et al., 1986)  
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The risk-based approach presented in this report enables the determination of probable impacts 
on aquatic life as non-dimensional values comparable among individual factors. The critical 
factors limiting biological potential at a site can be determined and the relative importance of 
these factors may be compared for management purposes. The approach also integrates 
conditions that vary over time, such as concentrations, by using probabilistic distribution of 
values rather than only mean or instantaneous measurements. 
 
The hierarchical model attempts to quantify relationships between individual layers defined in 
Figure 2, starting with Layer 3, which describes stream environmental conditions and resulting 
exposure of the aquatic community. A probabilistic approach enables calculating risks from 
individual stressors (Layer 2). Nondimensional risks for individual stressors can be then directly 
related to biological indicators (Layer 1), such as index of biotic integrity (IBI). 
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Figure 2. Schematic of the multi-layer risk propagation model (Novotny, 2004) 
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Data Summary 
 
STAR Environmental Database (STARED)  
 
A comprehensive database, STARED, was developed during the early research phase to store 
various environmental data on water quality, sediment chemistry, biological indices, stream 
hydrology, and habitat (Bartosova et al., 2005). The database structure is very flexible, allowing 
a retrieval of data in various forms, tables, or summaries. The developed database is designed to 
include data from a variety of sources as well as track information on these sources.  
 
Data acquired by the Illinois State Water Survey (ISWS) for the Fox River Watershed Database 
or FoxDB (McConkey et al., 2004) represent an integral part of STARED. Additional data for 
the study area were acquired from major federal and state agencies: U.S. Environmental 
Protection Agency (USEPA), Ohio Environmental Protection Agency (OEPA), Illinois 
Department of Natural Resources (IDNR), Illinois Environmental Protection Agency (IEPA), 
Maryland Department of Natural Resources (MDNR), U.S. Geological Survey (USGS), 
Minnesota Pollution Control Agency (MPCA), and the Massachusetts Department of 
Environmental Protection (MADEP). 
 
The STARED structure is designed to help calculate metrics describing fish and 
macroinvertebrate communities in various IBIs. The database incorporates the most common 
metrics, e.g., information on feeding preferences, taxonomic groups used in calculating the IBI, 
and whether the species is native or not. 
 
The original STARED structure was fine-tuned as new data were imported into the database. A 
new field (“Life_Stage”) was included in biological sampling results (TBLBiol_Taxa) to allow a 
distinction among various life stages of collected individuals, such as adult, immature, or larva, 
often reported in biological samples. Life stage codes are defined in table 
TBLLife_Stage_Codes. A new table (TBLStation_Links) was created to identify stations that 
may be considered nearly identical on a larger scale. This would include stations that are located 
in close vicinity as well as stations for which location information does not provide enough detail 
to combine them or assign  them different coordinates, yet the providing agency considered them 
as separate stations. The table assigns a unique number (“LinkID”) to each group of near 
identical stations and allows entry of comments or explanations. In addition, information on 
native vs. non-native species was separated from the table defining taxonomy (TblITIS_Code), 
as classification may vary across regions. This also enables one-step calculation of all biological 
indices. 
 
A query is a dynamic view of data stored in the database. Queries are updated automatically as 
new data are imported to STARED. An equivalent of an MS Access query is called a “view” in 
the SQL Server. The following queries were incorporated directly into STARED: 
1. List of stations with biological data available, and first and last years sampled 
2. List of stations with water quality data available, and first and last years sampled 
3. List of stations with sediment data available, and first and last years sampled 
4. List of stations with habitat data available, and first and last years sampled 
5. List of stations with all data categories available, and first and last years sampled 
6. List of water quality constituents available for stations 
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7. List of sediment constituents available for stations 
8. Numerical values of selected constituents within a specified time period (1990-2005) 
9. Calculated biological indices (necessary for multi-metric biological indices) for all 
stations and sampling dates with biological data 
10. Calculated region-specific tolerance index for all stations and sampling dates with 
biological data (default region is Illinois)  
 
Queries 1-5 also contain the number of samples collected at a station and location information, 
which enable direct display in geographic information system (GIS) software. A user easily can 
display stations with information on individual (or all) stressors. Missing data then can be 
supplied from an adjacent station, after verifying that changes in reach conditions are 
insignificant and point sources or other discharges affect water quality between selected stations. 
 
Additional environmental data important to the study are spatial in nature. Spatial data 
characterize an area contributing to a sampling station rather than the actual sampling station or 
reach, e.g., land-use distribution, soil types, or population density. GIS software can be used to 
derive these characteristics based on the location of sampling stations and data stored in the 
STARED (Bartosova et al., 2005). 
 
 
Station Selection 
 
It is imperative that stations included in the following analyses have complete datasets. While 
relationships between site conditions and aquatic community response can be developed and 
individual risks can be calculated for different numbers of stations, all risk components must be 
available at a station for analyses of the combined effects.  
 
Since biological indices are being used as endpoints, biological data are necessary. Although a 
station is represented as a point defined by latitude and longitude coordinates, biological data are 
often collected over a reach rather than a single stream transect. Reach length varies depending 
on assessment method and whether fish, macroinvertebrates, or other taxonomic groups are 
sampled. Reach length can be stored in the database together with sample-related information. It 
is defined either as a fixed reach length (e.g., 100 meters) or as a proportional distance in 
multipliers of a stream width (e.g., 40 times the stream width). Thus, biological data are 
representative of a reach. Water and sediment quality data can be supplied from stations located 
within the reach or in very close proximity to it, provided there are no discontinuities in between 
(e.g., dams or point-source outfalls). Habitat data are similar in that they describe the reach rather 
than a point or transect. 
 
The first step in selecting stations was to display queries 1-3 described above. Biological and 
habitat data usually are collected together so stations with habitat measurements (query 4) were 
not displayed for the first screening of stations. Stations with biological data that were not 
included in query 5 were examined closely to identify any station that may be used to supply 
necessary water and sediment quality data. This procedure helped to increase the number of data 
points for analysis. 
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Fish or macroinvertebrate samples are available for 114 stations in the Fox River watershed. 
Only 19 of these stations also have water and sediment samples available. A spatial search 
identified another 36 biological stations located within 200 meters (656 feet) from stations with 
available water quality data. Of these, 32 stations are within 500 meters (1640 feet) of a station 
with sediment quality data. This method increased the potential number of stations for analysis 
from 19 to 51 stations, even when using relatively conservative distance criteria.  The IDNR 
recommends a minimum sampling distance of 100 meters or 15-21 times normal base-flow 
width with 1-3 pool/riffle sequences sampled for fish (IDNR, 2001). The actual number of 
stations in the Fox River watershed used in this study was lower since not all stations with water 
or sediment quality data included the required parameters. Also, effects on fish communities 
were not investigated. 
 
The automated method of matching sampling stations to characterize a reach was implemented 
in two steps: by executing a geoprocessing model in ArcGIS, and by using a stand-alone script 
matching the stations (Bartosova and Graff, 2008). The geoprocessing model links directly to 
STARED in the SQL Server, which eliminates any potential need to export data and create new 
geospatial files when new data are added to the database. The geoprocessing step accomplishes 
the following tasks: (1) all barriers (e.g., dams and point source discharges) are merged into a 
single feature class (note that tributary junctions are already included in the National 
Hydrography Dataset, or NHD), (2) stations identified by queries 1-4 are merged into their own 
feature class to enable the last task, and (3) tables referencing barriers and stations to NHD 
reaches are created in the geodatabase using the “Locate points along route” tool in ArcGIS.  
 
Station Grouping Utility is a stand-alone program allowing the user to select a geodatabase with 
tables created in the geoprocessing step, type of stations being matched to biological stations, 
and search radius, i.e., the maximum distance allowed between stations to be considered a match, 
provided that there are no barriers between them (Figure 3). This utility creates a table in the 
specified geodatabase that links biological stations with matched water and sediment quality 
stations. This table can be used to label points in the ArcGIS mapping environment and create 
groups by biological station, as well as to create additional queries, when imported to the SQL 
Server database (Figure 4). 
 
 
Figure 3. Station Grouping Utility interface 
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Figure 4. Example of labeling system grouping sampling stations near Montgomery Dam on Fox River. 
Stations are labeled using matched biological station number. Sediment (Sed), water quality (WQ), and 
habitat (Hab) stations labeled with the same number can be used to supply additional data for a biology 
(Biota) station with corresponding station number.  
 
Additional screening is necessary to determine which constituents were measured consistently 
across selected water and sediment quality stations. Stations typically have only one biological 
sample available for each taxonomic group. Water or sediment quality data were considered 
when collected within five years prior to the biological sampling.  For example, 1991-1996 water 
quality data were extracted for a station that was sampled for biology in 1996. Up to five years of 
data collected after biological sampling were supplied if more data were necessary to describe 
the distribution. Five years of data typically provide sufficient information to describe a 
probabilistic distribution of constituents under different flows as well as when sampled with less 
frequency. Typically, one sample is collected every six weeks.  
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Risk Calculation Model 
 
Calculating individual risks is the first step in the hierarchical model. This methodology follows 
the logic of ecological risk estimation due to the presence of toxic compounds described by 
Parkhurst et al. (1996). Existing conditions and the response of aquatic organisms to those 
conditions are determined in probabilistic terms (e.g., probability distribution of copper 
concentration in a stream and a toxic response curve to copper concentration). Integration of the 
joint function over the range of conditions then will yield the risk posed by existing conditions 
on aquatic life. 
 
The exposure response curve can be determined directly by a series of laboratory tests when a 
condition in question is varied and the response of various species is measured. This approach is 
commonly used to test the toxicity of chemical constituents. 
 
Bartosova (2002) proposed an indirect method of deriving the exposure response curve in which 
the effect on the aquatic community is derived from field data. This method was developed for 
estimating the effects of habitat when experimental data are unavailable and/or difficult to 
collect. 
 
 
Direct Determination of Exposure Response Curve 
 
Direct determination of the exposure response curve is often used to evaluate effects of chemical 
constituents on aquatic organisms. Organisms exposed to a constant concentration are observed 
for changes during a specified time period. Measurement endpoints can vary. The most 
important parameter in the toxicity bioassay test used in risk calculation is the dose or 
concentration at which 50% of the test organisms survive or their life functions are not affected. 
A lethal dose or concentration (LD or LC) implies that an exposure of the test organism has 
resulted in its death. The 50% survival dose or concentration value then represents LD50 or 
LC50, and it is representative of acute toxicity. 
 
The LC50 values can be found in the USEPA documents or in data files accompanying software 
developed by Parkhurst et al. (1996). All available LC50 values were used in this study because 
of the large spatial area covered since different species are considered indigenous at different 
regions and streams. A site-specific or region-specific risk function can be created by using 
LC50s only for indigenous species.  
 
Figure 5 shows a graphical representation of risk to aquatic biota from a toxic constituent in 
storm water, modified from Parkhurst et al. (1996) by Novotny and Witte (1997). Event mean 
concentration function f(EMC) describes the distribution of toxic constituent concentration at a 
particular location in a stream. Lethal toxicity function g(R/EMC), or exposure response curve, 
corresponds to LC50s plotted in ascending order versus percent probability of genera being 
affected (exposure response R). Risk function h(R,C) expresses the combined probability of 
concentration C occurring and percent genera affected. As these two functions are independent, 
h(R,C) is determined by multiplying f(EMC) and g(R/EMC). The area under the h(R,C) curve 
then represents the risk to aquatic biota from the reported concentration. 
 
 8
 
1.0
P
ro
ba
bi
lit
y
Log Concentration
Lethal Toxicity g(R/EMC)
f(EMC) of Stormwater
Risk =  h(R,C) dc
0
 
Figure 5. Ecological risk assessment for stormwater impacts (Novotny and Witte, 1997) 
 
Excel macros developed by Bartosova (2002) enable straightforward calculation of risks due to 
acute and chronic toxicity from most common heavy metals (copper, lead, and zinc) using the 
methodology by Parkhurst et al. (1996). Probabilistic distributions recommended for the 
exposure response curve of each metal (Bartosova, 2002) were used in this research. Risk due to 
sediment contamination is calculated using the same methodology assuming exposure through 
pore water concentration, with chronic LC50s defining the exposure curve and uncertainty in 
pore water concentration contributing to probabilistic distribution of existing conditions. Pore 
water concentration was determined from sampled concentrations and partition coefficients 
compiled by Ambrose (1999). Water and sediment quality data were extracted from STARED. 
 
Indirect Determination of Exposure Response Curve 
 
Effects of individual stream habitat characteristics on aquatic organisms are not tested routinely 
in laboratories, partly due to logistics and the interdependencies involved, but also due to the 
different mechanisms involved. Habitat is a more permanent stream feature, and populations of 
aquatic organisms become established only at locations with suitable habitat conditions as 
opposed to populations that may be threatened by temporal increases in toxicity due to spills. 
Thus, Bartosova (2002) determined exposure response curves for selected habitat characteristics 
by an indirect method from field data. Maximum Species Richness (MSR) was determined by 
plotting the number of species (species richness) versus a single habitat characteristic. Figure 6 
shows two examples of the MSR plots constructed for macroinvertebrates. 
 
Outer envelope lines representing the MSR for a given habitat condition then were converted to 
probability of taxa survival, pS, by dividing the number of taxa by the number of taxa found at a 
reference site. Probability of taxa extinction can be calculated as pE = 1-pS. 
 
Original relationships and equations for habitat and biological indicators were developed for a 
dataset collected by the Wisconsin Department of Natural Resources (WDNR). Biological and 
habitat data used in this study were collected by the IEPA using a different protocol, however. 
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The relationships must be tested first to determine their applicability across different sampling 
methods and ecoregions. Both datasets were plotted side by side for evaluation. 
 
Generally, biological indices are reported either as counts (e.g., number of mayflies in a sample) 
or as percentages (e.g., percent of scrapers in a sample). The MSR plots of macroinvertebrate 
percentages performed very well for both datasets (Figure 7). Scatter above the MSR line is 
insignificant and within the tolerance expected for MSR development. (MSR lines are developed 
to enclose 95% of data points.)  
 
The MSR plots of macroinvertebrate counts showed significant differences between the two 
datasets (Figure 8). The range of the IEPA data clearly extends beyond the limits exhibited by 
the WDNR data. After evaluating sampling protocols used by each agency, counts were 
recalculated for an ideal sample size of 100 individuals and plotted again (Figure 9). Adjusted 
values performed well, and the originally developed MSR lines were used without modifications. 
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Figure 6. Examples of MSR plots for macroinvertebrates developed from Wisconsin data  
(Bartosova, 2002) 
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Figure 7. Examples of MSR plots for macroinvertebrate percentages with Wisconsin and Illinois data 
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Figure 8. Examples of MSR plots for macroinvertebrate counts with Wisconsin and Illinois data 
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Figure 9. Examples of MSR plots for macroinvertebrate counts with Wisconsin and Illinois data  
adjusted for sample size 
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Risk Propagation Model 
Study Area 
The study focused on northern Illinois. The STARED queries extracted habitat, water quality, 
and sediment quality data for stations in the study area (Figure 10). The Upper and Lower Fox 
River basins contain significantly more stations than any other basins displayed. This reflects the 
extent of the original FoxDB (McConkey et al., 2004), which contains all available water and 
sediment quality data, while STARED contains only state datasets for other basins. 
The preliminary set of stations identified by overlaying and combining queries was searched for 
habitat parameters and water and sediment quality constituents (copper, lead, zinc, and water 
hardness). In all, 79 stations had the required data available for further analysis. 
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Figure 10. Stations in northern Illinois watersheds selected for the study 
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Layer 3: Environmental Conditions and Exposure 
 
The STARED was searched to extract habitat, water quality, and sediment quality data for the 79 
identified stations. Table 1 summarizes the variability of chemical composition of water and 
sediment for selected constituents across all those stations. Water hardness is included because of 
its effect on heavy metal toxicity.  
 
Variation in measured characteristics is important since a wider range of effects can be expected 
with a wider range of conditions (Table 2). Aquatic vegetation was one of the important habitat 
characteristics affecting the aquatic community, as identified by Bartosova (2002). Stations in 
this dataset, however, are very similar with respect to proportion of aquatic vegetation, with a 
maximum of 2.8%, which is almost negligible. Silt and mud in the substrate range from 0% to 
98%, but the median is only 8.2%. Several habitat variables show strong dependencies. Perfect 
correlation (R2adj = 100%) exists between percentages of rock ledge and submerged tree roots. 
Figure 11 shows a matrix plot for gravel and cobble fractions of substrate, with a significant 
relationship among fractions in each category (Table 3). 
 
Table 1. Variability in Chemical Composition of Water and Sediment 
 
Medium Constituent Minimum Median Average Maximum 
Standard 
deviation 
       
Water Cu     5.0*     5.6     6.1   13.9   1.6 
 Pb     5.0*     5.4   18.6   55.3 18.9 
 Zn   50.0*   76.2   78.7 133 19.1 
 Hardness (mg/l) 264 369 369 482 48.2 
Sediment Cu     8.5   14.5   16.0   48.0   6.8 
 Pb     8.3   13.9   16.5   63.0 11.7 
 Zn    40.0   77.3   78.9 200 26.2 
 
Note: *The value is a method detection limit. 
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Table 2. Variability in Habitat Characteristics 
 
Category Habitat Minimum Median Average Maximum 
Standard 
deviation 
       
Physical Depth (ft) 0.3 0.8 0.9 2.1 0.4
 Width (ft) 11.4 27.7 34.6 126 21.8
 Pool (%) 0.0 5.9 11.6 83.1 16.6
 Riffle (%) 0.0 3.7 10.3 90.0 17.7
 Canopy cover (%) 0.0 14.5 24.8 90.0 27.2
   
Substrate Silt/mud (%) 0.0 8.2 17.9 98.0 23.7
 Sand (%) 0.0 18.6 28.3 100.0 27.8
 Fine gravel (%) 0.0 7.8 10.0 51.7 10.5
 Medium gravel (%) 0.0 10.3 12.0 48.6 12.4
 Coarse gravel (%) 0.0 5.0 8.1 27.8 8.8
 Small cobble (%) 0.0 2.4 6.5 36.0 8.7
 Large cobble (%) 0.0 1.2 6.7 45.8 10.5
 Boulder (%) 0.0 0.0 3.0 40.3 7.1
 Bedrock (%) 0.0 0.0 3.2 78.0 11.1
 Claypan (%) 0.0 0.0 3.4 54.6 8.4
   
In-stream Boulders (%) 0.0 0.4 1.8 32.9 5.1
habitat Undercut bank (%) 0.0 0.2 0.6 6.8 1.1
 Rock ledge (%) 0.0 0.0 0.4 10.1 1.8
 Submerged tree roots (%) 0.0 0.0 0.4 10.1 1.8
 Brush-debris jam (%) 0.0 0.2 0.3 2.1 0.4
 Logs (%) 0.0 0.3 0.7 4.8 0.9
 Aquatic vegetation (%) 0.0 0.3 0.5 2.8 0.5
 Submerged terrestrial 
vegetation (%) 0.0 0.0 2.9 87.1 11.8
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Figure 11. Intercorrelations of gravel and cobble in substrate 
 
Table 3. Correlation Coefficients for Gravel and Cobble in Substrate 
 
   Gravel  Cobble 
  % fine % medium % coarse % small % large 
Gravel % fine  1.00     
 % medium  0.49 1.00    
 % coarse  0.22 0.68 1.00   
Cobble % small  0.00 0.18 0.44 1.00  
 % large  -0.01 -0.02 0.22 0.77 1.00 
 
 
Layer 2: Risk Measurement Endpoints 
 
The methodology explained in previous sections was applied, and risk was calculated for all 79 
stations. The number of stations with data for certain risk components was as low as 59, 
however, because of incomplete sampling. Examples include missing records on the percentage 
of aquatic vegetation in an otherwise complete sample, or a missing zinc concentration value in 
water or sediment quality samples.  
 
Table 4 shows the variability in calculated risk components. Differences among individual risk 
components span several orders of magnitude. The smallest risk is acute toxicity due to copper 
concentration in water (5.6 x 10-17) and the largest risk is the effect of clay in substrate on 
filterers (0.99), followed closely by the effect of aquatic vegetation and clay in substrate on 
scrapers (both 0.90).  
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Table 5 summarizes risks for each category. For simplicity, individual risk components are 
considered independent within the category. For example, acute toxicity risk due to ambient 
concentration of copper and acute toxicity risk due to ambient concentration of lead are 
independent. On the other hand, acute and chronic risks due to ambient concentration of copper 
correlate, as expected. Thus, they remain two separate categories. 
 
 
Table 4. Variability in Individual Risk Components 
 
Category Risk component Stations Minimum Median Average Maximum 
Standard 
deviation 
 
Toxicity due to ambient concentration 
Acute Cu 73 5.6E-17 2.6E-11 1.9E-07 8.6E-06 1.1E-06 
 Pb 73 2.4E-05 7.5E-05 5.5E-04 1.8E-03 6.1E-04 
 Zn 73 3.6E-05 2.7E-04 3.2E-04 1.5E-03 2.5E-04 
        
Chronic Cu 73 6.6E-11 9.6E-08 8.1E-06 1.8E-04 2.4E-05 
 Pb 73 2.7E-03 6.1E-03 1.8E-02 5.1E-02 1.6E-02 
 Zn 73 2.2E-04 1.3E-03 1.4E-03 5.0E-03 9.3E-04 
 
Toxicity due to sediment contamination 
Chronic Cu 72 3.3E-05 1.1E-04 1.5E-04 7.1E-04 1.2E-04 
 Pb 72 8.0E-08 2.5E-07 4.2E-07 3.7E-06 5.9E-07 
 Zn 71 1.8E-12 1.5E-11 2.4E-11 1.9E-10 3.0E-11 
 
Risk to biota due to habitat conditions 
Scrapers Aquatic vegetation 59 5.3E-01 9.0E-01 8.6E-01 9.0E-01 7.5E-02 
 Clay in substrate 73 1.2E-01 8.2E-01 7.3E-01 9.0E-01 2.0E-01 
        
Filterers Clay in substrate 73 2.0E-02 9.0E-01 7.9E-01 1.0E+00 2.5E-01 
        
Gatherers Clay in substrate 73 7.5E-06 7.8E-02 1.6E-01 7.4E-01 1.9E-01 
        
Mayflies Aquatic vegetation 59 3.9E-01 5.0E-01 4.9E-01 5.0E-01 2.1E-02 
 Clay in substrate 73 9.2E-02 4.6E-01 4.1E-01 5.0E-01 1.1E-01 
 Cobble in substrate 73 1.8E-01 5.0E-01 4.6E-01 5.0E-01 7.4E-02 
        
Caddisflies Aquatic vegetation 59 3.2E-01 5.0E-01 4.8E-01 5.0E-01 3.7E-02 
 Clay in substrate 73 1.0E-02 4.5E-01 3.9E-01 5.0E-01 1.3E-01 
 Cobble in substrate 73 1.5E-01 4.8E-01 4.4E-01 5.0E-01 8.4E-02 
 Water depth 74 5.6E-01 9.2E-01 9.0E-01 1.0E+00 1.1E-01 
        
Number  Aquatic vegetation 59 2.1E-01 2.6E-01 2.6E-01 2.6E-01 9.9E-03 
of taxa Clay in substrate 73 7.5E-02 2.8E-01 2.6E-01 2.8E-01 4.7E-02 
 Cobble in substrate 73 8.7E-02 2.7E-01 2.5E-01 2.8E-01 4.7E-02 
 
Note: Cu is copper, Pb is lead, and Zn is zinc 
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Effects of individual habitat characteristics on different biological groups vary in magnitude, but 
risk components are correlated within the same habitat condition. This is caused by linear 
approximation of habitat exposure curves and approximation of uncertainty in measured habitat 
characteristics. Only one value is typically available at each sampling location, so any spatial and 
temporal variation or uncertainty in habitat characteristics must be estimated, while much more 
frequent sampling for water quality enables creating a site-specific probability distribution 
function that defines the uncertainty.  Figure 12 shows relationships among risks due to clay in 
substrate calculated for different biotic endpoints, together with the distribution of calculated 
risks. The linear exposure curve results in linear relationships. A similar relationship across 
biotic endpoints was found for risks due to other habitat parameters. 
 
Due to the orders of magnitude differences in individual risk components, risk categories 
commonly reflect the effect of the most significant risk. Toxicities due to ambient water 
concentration are dominated by the effect of lead, while sediment toxicity is driven by copper 
concentration. Effects of different habitat characteristics are more comparable, staying mostly 
within the same order of magnitude.  
 
 
Scrapers
Filterers
Gatherers
Mayflies
Caddisflies
Number of taxa
 
Figure 12. Intercorrelation of risks to different biotic endpoints due to clay in substrate 
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Table 5. Variability in Risk Categories 
 
Category Effect Stations Minimum Median Average Maximum 
Standard 
deviation 
        
Water  Acute 73 6.7E-05 5.7E-04 8.7E-04 2.7E-03 7.3E-04 
 Chronic 73 3.0E-03 8.4E-03 1.9E-02 5.2E-02 1.7E-02 
Sediment  Chronic 73 3.3E-05 1.1E-04 1.5E-04 7.1E-04 1.2E-04 
Habitat Mayflies 73 5.8E-01 8.4E-01 8.1E-01 8.8E-01 7.1E-02 
 Caddisflies 73 5.7E-01 8.2E-01 8.0E-01 8.8E-01 7.7E-02 
 Number of taxa 73 3.4E-01 5.9E-01 5.6E-01 6.2E-01 7.1E-02 
 Scrapers 73 5.2E-01 9.6E-01 9.4E-01 9.9E-01 8.2E-02 
 Filterers 73 2.0E-02 9.0E-01 7.9E-01 1.0E+00 2.5E-01 
 Gatherers 73 7.5E-06 7.8E-02 1.6E-01 7.4E-01 1.9E-01 
 
 
 
Layer 1: Biotic Assessment Endpoints 
 
The variety of stressors and conditions create a unique environment in which some organisms 
may thrive, others may survive, and still others may not be able to establish viable populations. 
Characteristics of aquatic communities can be quantified in several different ways. Attempts at 
quantifying aquatic community health led first to development of various weighted tolerance 
indexes. Organisms at the species or genus level were assigned a tolerance value. Organism 
abundance represented the weight and tolerance index calculated as a weighted average.  
 
The next generation of indexes was constructed in the form of multi-metric indexes. A number of 
community characteristics with significant response to anthropogenic influences (e.g., 
imperviousness) are ranked with respect to the unimpaired (or reference) site, and ranks are 
summed to produce the final numerical index. 
 
Representatives of both types of indexes were selected for analysis. The Macroinvertebrate 
Biotic Index (MBI) used by the IEPA (1994) represents tolerance indexes. The Invertebrate 
Community Index (ICI) developed by the Ohio Environmental Protection Agency (OEPA) 
represents multi-metric indexes. The ICI has ten metrics: number of taxa, number of mayfly taxa, 
number of caddisfly taxa, number of dipteran taxa, percent mayflies, percent caddisflies, percent 
tanytarsini midges, percent dipterans (other than midges) and noninsects, percent tolerant 
organisms, and number of mayfly-stonefly-caddisfly (Ephemeroptera-Plecoptera-Trichoptera, or 
EPT) taxa. The metrics are scored as 0, 2, 4, or 6, depending on value and watershed size 
(OEPA, 1989a, b). The MBI can range from 0 to 10, with lower values signifying healthier 
communities. The ICI can range from 0 to 60, with higher values signifying healthier 
communities. Most metrics are positive, i.e., higher values receive higher scores. Only a 
percentage of tolerant organisms and other diptera and noninsects have reversed scale, i.e., 
higher values receive lower scores. 
 
Table 6 shows variability in calculated indexes. The MBI and the ICI span 40% and 50% of the 
potential range, respectively. Table 7 shows how many stations received each possible score for 
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each metric. Table 8 shows the variation in actual values of ICI metrics. It is important to 
understand the source of the ICI variation as different metrics evaluate different aspects of the 
macroinvertebrate community. Three metrics (number of taxa, % other diptera and noninsects, 
and % tolerant organisms) show no variation; all stations scored the highest possible score.  
 
The IEPA uses a threshold of 5.9 to identify streams with no impairment; stations with an MBI 
between 5.9 and 8.9 are classified as moderately impaired, and stations with an MBI higher than 
8.9 are considered impaired (IEPA, 2006). A majority of stations selected for this study (90%) 
have MBI scores below 5.9 and would be classified as unimpaired when using only this criterion. 
The IEPA uses also a fish Index of Biotic Integrity (IBI), habitat information, and water 
chemistry data in stream assessments. 
 
The OEPA uses a threshold of 46 to identify exceptional streams, along with other criteria. A 
significant number of stations selected for this study (25%) received an ICI score of 46 or higher. 
The ICI standards for attainment of aquatic life use vary with ecoregion and water body 
classification. The OEPA classifies streams into general categories: warm-water habitat, 
modified warm-water habitat with modified channels, nonacidic mine-runoff affected habitats, or 
impounded modified warm-water habitat. For example, the threshold for the Eastern Corn Belt 
Plains ecoregion is 36 for warm-water habitat and 22 for modified warm-water habitat with 
modified channels (Rankin et al., 1996). A majority of stations (97%) received an ICI score 
higher than 22 (the minimum score for study stations) and 79% of stations received scores higher 
than 36. 
 
Table 6. Variation in Macroinvertebrate Indexes 
 
Index Stations Minimum Median Average Maximum 
Standard 
deviation 
       
MBI 71 3.7 5.2 5.2 7.6 0.6 
ICI 71 22 40 40 52 7.9 
 
 
Table 7. Number of Stations Receiving Each ICI Score  
 
Index Stations 0 2 4 6 
Average 
score 
       
Number of taxa 71 0 0 0 71 6.0 
Number of mayfly taxa 71 6 12 17 36 4.3 
Number of caddisfly taxa 71 5 6 18 42 4.7 
Number of dipteran taxa 71 29 26 7 9 1.9 
% mayflies 71 1 69 1 0 2.0 
% caddisflies 71 9 11 12 39 4.3 
% tanytarsini midges 71 41 30 0 0 0.8 
% other diptera and noninsects 71 0 0 0 71 6.0 
% tolerant organisms 71 0 0 0 71 6.0 
Number of EPT taxa 71 7 11 20 33 4.2 
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Table 8. Variability in ICI Metrics 
 
Index Stations Minimum Median Average Maximum 
Standard 
deviation 
       
Number of taxa 71 61 161 189 610 102 
Number of mayfly taxa 71 0 8 8 22 4 
Number of caddisfly taxa 71 0 4 5 18 4 
Number of dipteran taxa 71 1 8 10 44 8 
% mayflies 71 0 5.7 6.1 12.8 3.3 
% caddisflies 71 0 3.5 4.2 12.8 3.1 
% tanytarsini midges 71 0 0 0.2 3.2 0.5 
% other diptera and noninsects 71 2.0 9.5 10.0 26.4 5.7 
% tolerant organisms 71 0 0.5 0.9 7.7 1.2 
Number of EPT taxa 71 2 12 13 34 7 
Watershed size, square miles 71 6.3 47 117 1085 208 
 
 
Propagation 
 
Habitat characteristics have a profound effect on aquatic communities, although the effects are 
not easy to quantify due to co-linearity and the contribution of other factors, such as chemical 
composition of water and sediment, biotic factors, or even temporal changes in weather or flow. 
A linear multi-regression technique was used to test the dependence of biotic indexes (MBI and 
ICI) on the environmental characteristics (Layer 1 and Layer 2) described previously. 
 
 
Direct Effect of Environmental Variables 
 
The direct effect of Layer 3 on Layer 1 was tested using multiple regression analysis with 
backward selection of all variables. Only variables with high intercorrelations were removed. 
Percentages of fine and coarse sand have high correlations with percentage of medium sand in 
the substrate. Percentage of submerged tree roots has perfect correlation with percentage of rock 
ledge in in-stream substrate. Principal component analysis on cross-correlated variables did not 
lead to an increase in explained variability of biotic indexes. Thus, only one variable of each 
correlated group was used in the multiple regression analysis.  
 
Table 9 shows analysis results, including the regression coefficients. Three Layer 3 variables 
appear in both regression equations: copper concentration in sediment, stream width (on a 
logarithmic scale), and percentage of medium gravel in substrate. Opposite signs for 
corresponding coefficients are expected, as an aquatic community with good health would 
receive a high ICI score but low MBI score. Figure 13 compares observed and predicted values. 
Figure 13b shows model overestimation of ICI for low values (below 35). More than 50% of 
data variability can be explained by environmental variables selected by the models. This is a 
very good fit considering the complexity of the processes and data. 
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Table 9. Direct Effect of Environment on Biotic Indexes: Results of Multiple Regression Analysis 
 
Statistics MBI ICI 
   
F limit 4 3 
R2adj 53.0% 52.8% 
Standard error 0.41 5.43 
Maximum p-value 0.03 0.06 
Regression equation 5.30 
+ 0.0420 (Cu in sediment) 
+ 0.00991 (Zn) 
- 0.846 x log10 (stream width) 
 
- 0.0163 (% medium gravel) 
+ 0.00581 (% silt mud) 
+ 0.0166 (% clay) 
- 0.00997 (% canopy cover) 
24.9 
- 0.278 (Cu in sediment) 
 
+ 22.5 x log10 (stream width) 
- 8.74 x log10 (watershed size) 
+ 0.287 (% medium gravel) 
+ 0.975 (% rock ledge) 
- 4.36 (% brush debris jam) 
- 0.164 (% submerged terrestrial vegetation) 
 
 
Note: Cu is copper and Zn is zinc. 
 
 
Predicted MBI
O
bs
er
ve
d 
M
B
I
3 4 5 6 7 8
3
4
5
6
7
8
Predicted ICI
O
bs
er
ve
d 
IC
I
20 30 40 50 60
20
30
40
50
60
 
Figure 13. Observed and predicted values using direct effect for (a) MBI and (b) ICI 
 
 
Indirect Effect of Environmental Variables 
 
Analyses were repeated with Layer 2 variables, substituting risk values for actual site 
characteristics. Because habitat risks are strongly correlated, only a risk to one biotic indicator 
was used for each habitat characteristic. The following components were selected for their high 
variability: risk to scrapers due to aquatic vegetation, risk to filterers due to clay in substrate, and 
risk to caddisflies due to cobble in substrate. 
 
(a) (b) 
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Table 10 shows analysis results, including regression coefficients. Two Layer 2 variables appear 
in both regression equations: risk to filterers due to clay in substrate and sediment toxicity. Acute 
water toxicity was found important in the regression equation for ICI but not for MBI. Figure 14 
compares observed and predicted values. About 25 and 32% of variability in MBI and ICI can be 
explained by risk variables selected by the models, respectively. This is less than in the previous 
analyses of direct effects, although the indirect effects are still significant.  
 
 
 
Table 10. Indirect Effect of Environment on Biotic Indexes:  
Results of Multiple Regression Analysis 
 
Statistics MBI ICI 
   
F limit 4 4 
R2adj 25.3% 31.9% 
Standard error 0.51 6.5 
Maximum p-value 0.001 0.03 
Regression equation 5.68 
- 1.04 (risk to filterers due to clay) 
+ 2008 (sediment toxicity) 
37.0  
+ 7.55 (risk to filterers due to clay)  
+ 5240 (acute water toxicity)  
- 38200 (sediment toxicity) 
 
 
Predicted MBI
O
bs
er
ve
d 
M
B
I
3 4 5 6 7 8
3
4
5
6
7
8
Predicted ICI
O
bs
er
ve
d 
IC
I
20 30 40 50 60
20
30
40
50
60
 
Figure 14. Observed and predicted values using indirect effect for (a) MBI and (b) ICI 
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Indirect Effect of Environmental Variables on ICI Metrics 
 
The same technique also was applied to all ten ICI metrics (Table 11). Figure 15 includes 
corresponding figures with observed and predicted values for regression equations that explain 
more than 10% of data variability. Two ICI metrics thus are not displayed: percentage of 
tanytarsini midges and percentage of tolerant organisms. Resulting regression equations of the 
three ICI metrics (number of taxa, number of dipteran taxa, and percentage of other diptera and 
noninsects) include only risks due to water or sediment toxicity, aside from the effect of the 
watershed area. Toxicity-related risks appear in all regression equations. Interestingly, risk to 
scrapers due to aquatic vegetation was found important in three ICI metrics despite its very low 
variability.  
 
The highest correlation was achieved for metrics involving mayflies and caddisflies. Up to 30-
40% of variability in several ICI metrics is explained using Layer 2 variables. However, the 
larger percentage remains unexplained. Selection of habitat variables for risk calculation (Layer 
2) was limited to those identified as important in WDNR data and quantified by Bartosova 
(2002).  
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Table 11. Indirect Effect of Environment on ICI Metrics: Results of Multiple Regression 
 
Statistics Number of taxa Number of mayfly taxa 
F limit 3 3 
R2adj 23.2% 37.8% 
Standard Error 95.7 3.39 
Maximum p-value 0.03 0.03 
Regression 
equation 
198 
+ 141 log10 (acute water toxicity) 
- 121 log10 (sediment toxicity) 
- 22.8 
+ 15.3 (risk to scrapers due to aquatic veg.)  
+ 4.66 (risk to filterers due to clay) 
+ 5.73 log10 (chronic water toxicity)  
- 5.43 log10 (sediment toxicity)  
+ 2.83 log10 (watershed area) 
   
Statistics Number of caddisfly taxa Number of dipteran taxa 
F limit 3 3 
R2adj 31.7% 16.4% 
Standard Error 3.04 7.97 
Maximum p-value 0.06 0.03 
Regression 
equation 
- 12.8 
+ 13.0 ( risk to scrapers due to aquatic veg.) 
+ 3.19 (risk to filterers due to clay) 
- 12.9 (risk to caddisflies due to cobble) 
+ 4.22 log10 (chronic water toxicity) 
- 4.78 log10 (sediment toxicity) 
5.82  
+ 9.72 log10 (acute water toxicity) 
- 9.68 log10 (sediment toxicity) 
   
Statistics % mayflies % caddisflies 
F limit 3 3 
R2adj 40.7% 15.4% 
Standard Error 2.55 2.69 
Maximum p-value 0.04 0.02 
Regression 
equation 
- 20.4  
+ 11.5 (risk to caddisflies due to cobble) 
- 4.75 log10 (sediment toxicity) 
+ 1.74 log10 (watershed area) 
5.20  
- 14.7 (risk to caddisflies due to cobble) 
- 5.06 log10 (acute water toxicity) 
+ 5.80 log10 (chronic water toxicity) 
   
Statistics % tanytarsini midges % other diptera and noninsects 
F limit 3 3 
R2adj 8.5% 20.8% 
Standard Error 0.31 5.12 
Maximum p-value 0.07 0.02 
Regression 
equation 
- 0.0128  
+ 0.694 (risk to mayflies due to depth)  
+ 0.444 log10 (acute water toxicity) 
- 0.512 log10 (chronic water toxicity) 
43.5 
+ 6.86 log10 (sediment toxicity) 
- 3.81 log10 (watershed area) 
   
Statistics % tolerant organisms EPT 
F limit 3 3 
R2adj 0 35.9% 
Standard Error  5.87 
Maximum p-value  0.04 
Regression 
equation 
N/A -34.3  
+ 23.9 (risk to scrapers due to aquatic veg.)  
+ 9.02 (risk to filterers due to clay) 
+ 9.50 log10 (chronic water toxicity) 
 - 10.2 log10 (sediment toxicity) 
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Figure 15. Observed and predicted values using indirect effect for (a) number of taxa, (b) number of 
mayfly taxa, (c) number of caddisfly taxa, (d) number of dipteran taxa, (e) % mayflies, (f) % caddisflies,  
(g) % other diptera and noninsects, and (h) number of EPT taxa 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
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Summary and Recommendations 
 
The environmental database STARED developed by Bartosova et al. (2005) was enhanced 
during this study. It includes not only data organized in tables with specified relationships, but 
also other information enabling calculation of the most common biological metrics and tolerance 
indexes. Queries identifying monitoring stations with data from different categories (e.g., water 
chemistry or habitat) as well as queries extracting the corresponding data also are incorporated in 
STARED. 
 
Stations in northern Illinois were queried for biological, habitat, water chemistry, and sediment 
chemistry data. Allowing a distance of up to 100 meters between stations with different 
parameters sampled, 79 stations were identified for further analysis. All available habitat data, as 
well as water and sediment concentrations for selected constituents (copper, lead, and zinc), were 
extracted for these stations. These data represent Layer 3 in the hierarchical model. 
 
Ecological risk to aquatic biota was estimated for individual stressors using a probabilistic 
approach. Calculated risks represent Layer 2 in the hierarchical model. The methodology to 
calculate risk from habitat conditions originally was developed using data collected by the 
WDNR (Bartosova, 2002). Due to differences in WDNR and IEPA sampling methods, the 
abundance of organisms was adjusted for sample size of 100 individuals to make both datasets 
comparable. 
 
Two biotic indexes using information on macroinvertebrate communities were calculated: MBI 
representing tolerance indexes and ICI representing multi-metric indexes. Both indexes as well 
as individual ICI metrics represent Layer 1 of the hierarchical model. 
 
Variability in biotic indexes due to environmental variables was quantified using multiple 
regression analysis with backward selection. Both direct effects through Layer 3 variables and 
indirect effects through Layer 2 risk variables were investigated.  
 
In northern Illinois, the direct effect of environmental variables (Layer 3) resulted in more 
significant multiple regression equations, explaining the higher percentage of data variability 
than when using risk variables (Layer 2). In all cases, less than 55% of the variability in Layer 1 
was explained by Layer 2 or Layer 3 variables. Although a large portion of variability remains 
unexplained, all relationships are statistically significant. Biological measurements are more 
variable than, for example, chemical analyses. Sampling technique and protocol, season, 
preceding weather, and flow can have profound effects on the sample collected, in addition to 
water and sediment chemistry and interrelated habitat parameters. The processes are very 
complex and not easily quantified. 
 
Risk was not calculated for several variables selected in the analyses of direct effects as 
important simply because the MSR lines and the risk calculation macros were unavailable. The 
WDNR may not have measured some variables or the effect was not significant for the dataset 
used in developing the risk-based methodology (Bartosova, 2002). Environmental conditions in 
northern Illinois are different than those across Wisconsin. Therefore, the effects of variables that 
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emerged as important in Illinois but not in Wisconsin might have been hindered by other 
variables in Wisconsin.  
 
Inclusion of additional habitat characteristics not included in the scope of this study, such as 
percentages of canopy cover, brush debris jams, terrestrial vegetation, and rock ledge, is 
recommended to further improve multiple regression equations using Layer 2 variables and to 
increase the explanatory power of regression models. 
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